How do dogs understand human words? At a basic level, understanding would require the 8 discrimination of words from non-words. To determine the mechanisms of such a discrimination, 9 we trained 12 dogs to retrieve two objects based on object names, then probed the neural basis 10 for these auditory discriminations using awake-fMRI. We compared the neural response to these 11 trained words relative to "oddball" pseudowords the dogs had not heard before. Consistent with 12 novelty detection, we found greater activation for pseudowords relative to trained words 13 bilaterally in the parietotemporal cortex. To probe the neural basis for representations of trained 14 words, searchlight multivoxel pattern analysis (MVPA) revealed that a subset of dogs had 15 clusters of informative voxels that discriminated between the two trained words. These clusters 16 included the left temporal cortex and amygdala, left caudate nucleus, and thalamus. These results 17 demonstrate that dogs' processing of human words utilizes basic processes like novelty 18 detection, and for some dogs, may also include auditory and hedonic representations. 19
auditory cortex as well as an additional attentional network to discriminate between competing 48 sensory stimuli. At least one event-related potential study in dogs suggested similar mechanisms 49 might be at work, finding mismatch negativity to deviant tones (Howell et al., 2012) . 50 Recent advances in awake neuroimaging in dogs have provided a means to investigate many 51 aspects of canine cognition using approaches similar to those in humans. Since 2012, pet dogs 52 have been trained using positive reinforcement to lie still during fMRI scans in order to explore a 53 variety of aspects of canine cognition (Berns et al., 2012; Berns et al., 2013) . These studies have 54 furthered our understanding of the dog's neural response to expected reward, identified 55 specialized areas in the dog brain for processing faces, observed olfactory responses to human 56 and dog odors, and linked prefrontal function to inhibitory control (Cook et al., 2014; Berns et al., 57 2015; Dilks et al., 2015; Cook et al., 2016a; Cuaya et al., 2016) . In one fMRI study, dogs listened 58 to human and dog vocalizations through headphones and showed differential activation within 59 regions of the temporal and parietal cortex (Andics et al., 2014) . A follow-up study suggested a 60 hemispheric bias for praise words versus neutral words, a finding that was interpreted as proof of 61 semantic processing in dogs. However, a subsequent correction in which left and right were 62 reversed raised questions about the interpretability of this finding (Andics et al., 2016) . 63 To examine auditory processing in dogs, we used fMRI to measure activity in dogs' brains in 64 response to both trained words and novel pseudowords. Over several months prior to scanning, In the current experiment, dogs were trained to reliably fetch or select a trained object given the 89 matching verbal name for the object. The dogs were trained by implementing the "Chaser 90 Protocol" in which object names were used as verbal referents to retrieve a specific object (Pilley 91 and Reid, 2011). To keep the task simple, each dog had a set of two objects, selected by the 92 owner from home or from dog toys provided by the experimenters. One object had a soft texture, 93 such as a stuffed animal, whereas the other was of a different texture such as rubber or squeaked, 94 to facilitate discrimination ( Fig. 1 ).
95
Each dog was trained by his or her owner at home, approximately 10 minutes per day, over 2 to 96 6 months, as well as at biweekly practices located at a dog training facility. Initial shaping 97 Prichard 4 involved the owner playing "tug" or "fetch" with her dog and one object while verbally 98 reinforcing the name of the object. Later, the objects were placed at a distance (four feet on 99 average) and the owner instructed the dog to "go get [object]" or "where is [object]?" or 100 "[object]!" The dog was reinforced with food or praise (varied per dog) for retrieving or nosing 101 the object. Next, the object was placed beside a novel object roughly two feet apart, at least 4 102 feet from the dog, and the command repeated. The dog was reinforced only for correctly 103 selecting the trained object if it was her first selection. Otherwise, if the dog selected the wrong 104 object, the owner made no remark and a new trial began. Regardless of the selection, objects 105 were rearranged before each trial to limit learning by position. If the dog failed to approach an 106 object, the trial was repeated. This training was repeated for each dog's second object against a 107 different comparison object, to limit the possibility of learning by exclusion. Owners were 108 instructed to train one object per day, alternating between objects every other day until they 109 showed the ability to discriminate between the trained and novel object, at which point they 110 progressed to discrimination training between the 2 trained objects.
111
All dogs in the current study participated in training for previous fMRI experiments. As 112 described in previous experiments (Berns et al., 2012; Berns et al., 2013; Cook et al., 2014; Cook 113 et al., 2016b) , each dog had participated in a training program involving behavior shaping, 114 desensitization, habituation and behavior chaining to prepare for the loud noise and physical 115 confines of the MRI bore inherent in fMRI studies.
116

Word-Object Discrimination Tests 117
Two weeks after progressing to two-object discrimination training, and every two weeks 118 thereafter, each dog was tested on her ability to discriminate between the two trained objects.
119
Discrimination between the two named objects was chosen as the measure of performance, as 120 both objects had a similar history of reinforcement, and this precluded the possibility that 121 performance was based on familiarity. Discrimination testing consisted of the observer placing 122 both trained objects 2-3 feet apart, and at least 4 feet from the dog (Ann Young, 1991), though 123 the number of distractor objects was sometimes increased during training to maximize 124 discriminatory performance. With the dog positioned next to the owner in the heel position, the 125 owner gave the dog the command to "go get [object]" or "[object]!" The dog was reinforced only 126 for correctly selecting the trained object if it was her first selection. If the dog selected the 127 incorrect object, the owner made no remark. After each trial, the objects were rearranged, and the 128 test progressed to the next trial. A performance criterion to move forward to the MRI scan was 129 set at 80% correct for at least one of the objects, with the other object at or above 50%.
130
During training, owners were asked to report if their dog showed a preference for one object over Prichard 5 from the remainder of the study. Individuals varied on the amount of time needed to train both 135 objects.
136
Scan Day Discrimination Test 137
Scan day tests were conducted in a neighboring room to the MRI room, and were typically 138 conducted prior to the MRI scan. Test procedure was identical to the word-object discrimination 139 test as described above, although the number of trials was increased from 10 to 12 trials if the 140 dog failed to make a response during one or more trials. As in previous studies, dogs were stationed in the magnet bore using custom chin rests. All simultaneous presentation and press of the button box by the experimenter marking the onset and 165 duration of presentation. This was controlled manually by the experimenter during each dog's 166 scan, as opposed to a scripted presentation as in human fMRI studies, because dogs may leave 167 the MRI at any time and data for absentee trials would be lost.
168
An event-based design was used, consisting of four trial types presented semi-randomly: 169 expected, unexpected, pseudoword, and reward. On expected trials, the owner repeated a trained 170 object's name five times, once per second. Words were repeated to ensure a robust hemodynamic 171 response on each trial and spoken loudly to be heard above the scanner noise. After a variable 3 172 to 8 s delay, the dog was shown the corresponding object for 5 s and was subsequently allowed 173 to interact with the object. During unexpected trials, the owner repeated the name for a trained 174 object as above, but following the delay period a novel object was presented instead of the 175 corresponding object. In pseudoword trials, the owner repeated a pseudoword, and the delay was to structural image, affine structural to template, and diffeomorphic structural to template. These 231 spatial transformations were concatenated and applied to individual contrasts from the GLM to 232 compute group level statistics. 3dttest++, part of the AFNI suite, was used to compute a t-test 233 across dogs against the null hypothesis that each voxel had a mean value of zero. All contrasts 234 mentioned above as part of the GLM were included.
235
As there is spatial heterogeneity within fMRI data, the average smoothness of the residuals from used to estimate the significance of cluster sizes across the whole brain after correcting for 240 familywise error (FWE). Similar to human fMRI studies, a voxel threshold of p ≤ 0.005 was 241 used, and a cluster was considered significant if it exceeded the critical size estimated by 242 3dClustsim for a FWER ≤ 0.01, using two-sided thresholding and a nearest-neighbor of 1.
243
Multivoxel Pattern Analysis (MVPA) 244 In previous fMRI studies of the oddball task, it was noted that attentional differences occurring representation of words that were not captured in the univariate analysis. We were primarily 248 interested in the representation of word1 vs. word2.
249
We used a linear support vector machine (SVM) for a classifier because of its previously 
261
Trials with beta values greater than |3%| were assumed to be non-physiological and were 262 removed prior to MVPA. Finally, these trial-dependent estimates were then used as inputs to a 263 whole-brain searchlight MVPA for each individual dog using PyMVPA2 (Hanke et al., 2009 ).
264
The classifier was trained on the fMRI dataset for each dog by training on 2 runs and testing on 265 the third using the NFoldPartitioner. We used the Balancer function to retain the same number of 266 trials for word1 and word2 across training and testing for 100 repetitions. For the searchlight, we 267 used a 3-voxel radius sphere. This yielded a map of classification accuracies throughout each 268 dog's brain.
269
Given the difficulty in finding significant effects in small datasets using cross-validation and (Fig. 3) . The percent correct performance 292 (subtracting 50 percent for chance levels of responding) on scan days for each object was 293 compared in a mixed-effect linear model and showed that performance was significantly greater 294 than chance [T(17.1) = 3.00, P = 0.008] and that there was a significant difference in 295 performance between word1 and word2 [T(11) = 4.67, P < 0.001].
296
Primary Auditory and Visual Activation 297
To confirm that the dogs clearly heard the words during scanning, a simple contrast subtracting 298 activation to objects (trained and novel) from activation to words (trained and pseudowords) was 299 performed. In human fMRI, the MRI operator may ask the participant whether they can hear 300 auditory stimuli, which is not necessarily possible in dog fMRI, so this was included as a quality 301 check. We opted for an unthresholded image not only to highlight the activation in bilateral 302 auditory cortex but, just as important, to show what was not activated. Notably in the contrast
303
[Words-Objects] positive activation was localized to the auditory cortex for words and negative 304 activation for presentation objects in parietal cortex (Fig. 4) , confirming that the dogs heard the 305 words and saw the objects. Because the univariate analysis of word1 vs. word2 did not reveal any region with a significant 318 difference, we used MVPA to explore potential regions that may code for different 319 representations of the words. The searchlight map of word1 vs. word2, which identified regions 320 involved in the discrimination of the trained words, showed four clusters of informative voxels 321 ( Fig. 6) : posterior thalamus/brainstem; amygdala; left temporoparietal junction (TPJ); and left 322 dorsal caudate nucleus. Seven dogs shared informative voxels in or near the left temporal cortex 323 that passed the 0.63 accuracy threshold (Fig. 7) .
324
Discussion
325
Using awake-fMRI in dogs, we found neural evidence for auditory novelty detection in the 326 domain of human speech. The hallmark of this finding was greater activation in parietotemporal 327 cortex to novel pseudowords relative to trained words. Thus, even in the absence of a behavioral 328 response, we demonstrate that dogs process human speech at least to the extent of differentiating 329 words they have heard before from those they have not. The mechanism of such novelty 330 detection may be rooted in either the relatively less frequent presentation of the pseudowords 331 (oddball detection) or the lack of meaning associated with them (lexical processing).
332
The activation observed in the parietotemporal cortex to pseudowords relative to trained words 333 meets current standards of human fMRI analyses concerning up-to-date methods for cluster 334 thresholds. Specifically, to address concerns raised by Eklund et al. (2016) , present analyses for 335 cluster inferences address the former Gaussian-shaped assumption about spatial structure in the 336 residuals of fMRI data and provide more accurate false positive rates compared to previous 337 methods (Eklund et al., 2016; Cox et al., 2017; Slotnick, 2017) . As the identified cluster was 338 significant at P ≤ 0.005, corrected for whole-brain FWE, the result does not appear to be a false 339 positive. However, as the study was limited to 11 participants, future studies with an increased 340 number of participants could produce a more robust finding.
341
In humans, greater BOLD response to pseudowords versus real words has been noted in the 342 superior temporal gyrusan area potentially analogous to the one we identified in dogs (Kotz, 343 2002; Raettig and Kotz, 2008) . In humans, stronger activation to pseudowords depends on 344 whether the pseudoword strongly resembles a known word or is so unlike known words as to 345 prevent any semantic retrieval. When the pseudoword is similar to a known word, more 346 processing has been observed in the superior temporal gyri, presumably to disambiguate it from 347 known words (Raettig and Kotz, 2008) . Thus, in dogs, the greater activation to the pseudowords 348 could be due to the acoustic similarity between pseudowords and words that the dogs "knew" 349 and their attempt to resolve the ambiguity. This would be a form of low-level lexical processing.
350
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However, previous research has shown that dogs can discriminate between altered phonemes of 351 well-known commands (Fukuzawa et al., 2005) , suggesting that it is unlikely that the dogs in our 352 study were confused by acoustic similarity of words and pseudowords.
353
More likely, a novel word resulted in increased auditory processing to facilitate learning the 354 association with the novel object that followed. A dog's behavioral bias for novelty is often 355 described as an explanation for performance otherwise labeled as learning by exclusion (Bloom, 356 2004; Markman and Abelev, 2004; Zaine et al., 2014) Although humans readily generalize the meaning of words to a variety of contexts, this may not 380 be the case for dogs. The environment in which the dogs learned the words was different than 381 both the testing and scanning environments (Mills, 2015) . In addition, although human fMRI 382 language studies do not typically repeat the spoken word each trial, as is common in oddball 383 paradigms, it was necessary for the dogs to make sure that they heard each word. Trials also did 384 not include a condition in which a spoken pseudoword was followed by a trained object, or trials 385 in which a trained object was mismatched to a trained word. These types of trials would have 386 provided additional evidence for violation of expected semantic content; however, these types of 387 trials have the potential to confuse the dogs and result in extinction of the words already learned.
388
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Lastly, dogs might have habituated to the continued presentation of trained words followed by 389 trained objects, as opposed to the single trial presentations of pseudowords and the 390 accompanying novel objects.
391
So what do words mean to dogs? Even though our findings suggest a prominent role for novelty 392 in dogs' processing of human words, this leaves the question of what the words represent. One 393 possibility is that the words had no further representation than the relative hedonic value of the 394 objects. While some dogs showed a behavioral preference for one object over the other, this 395 preference was not reflected in whole brain analyses. Admittedly, the somewhat arbitrary 396 designation of word1 / word2 and object1 / object2 could explain the nonsignificant results in the 397 univariate analysis. Indeed, the MVPA of word1 vs. word2, which identified regions that 398 classified the words above chance regardless of directionality, showed one cluster in the left 399 caudate. However, the MVPA also identified clusters in the left TPJ, amygdala, and posterior 400 thalamus. The TPJ was located just posterior to the region in the univariate analysis, which 401 would take it out of the area of cortex associated with low-level acoustic processing. Its location 402 appears similar to human angular gyrus -aka Wernicke's area. If so, this could be a potential site 403 for receptive word processing in dogs (e.g. the Dog Wernicke's Area), but future work would 404 need to verify this.
405
Evaluating classifier performance for MVPA remains a complex task. We used MVPA as an 406 exploratory analysis to identify brain regions that potentially discriminate between trained words 407 across dogs. But classification using the whole brain may result in a high classification accuracy 408 that is not generalizable across subjects. Indeed, the regions identified using MVPA were of 409 marginal statistical significance, especially given the small sample size. Further, it should be 410 noted that only a subset of dogs contained informative voxels in the TPJ region. Although all 411 dogs had informative voxels somewhere in the brain, only seven dogs had informative voxels in 412 the TPJ area. Thus, even though all the dogs were cleared for scanning by reaching performance 413 criterion, they may have used different mechanisms to process the words. Like our previous 414 fMRI studies, heterogeneity seems to be the rule (Cook et al., 2016a; Cook et al., 2016b) . Even 415 so, the accuracy of the classifier was not correlated with a dog's performance. This suggests that 416 performance on such tasks may be influenced by factors other than word discrimination alone.
417
These results highlight potential mechanisms by which dogs process words. Word novelty 418 appears to play an important role. The strong response of the parietotemporal region to 419 pseudowords suggests that dogs have some basic ability to differentiate words with associations 420 from those that do not. Future studies may reveal whether these representations remain in the 421 auditory domain or whether such representations are invariant to modality. 
